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Abstract-A new model for the residence-time distribution in a counter rotating twin-screw 
extruder is compared with experimental results obtained during the gelatinisation of starch and 
the grafting of polystyrene on starch. The model consists of a transfer function from which the 
first three moments can be derived and is based on physical principles without any adjustable 
parameters. In the model and during experiments, parameters like screw rotation, fully filled 
length and throughput have been varied. By comparing calculated residence-time distributions 
with the measurements conclusions about the extruder hold-up and the fully filled extruder 
length can be drawn. As an extra parameter, the density change of the extruded material was 
needed to model the residence-time distribution curve during the grafting of polystyrene on 
starch. (‘8 1997 Elsevier Science Ltd 
Krpords: Residence-time distribution; reactive extrusion; starch modifications. 
INTRODUCTION 
In the past years a growing interest has emerged in 
using twin screw extruders as chemical reactors both 
for the polymerisation to and the grafting of synthetic 
polymers and for the modification of starches. Espe- 
cially when extruders are used as chemical reactors. 
a good understanding of mass flow, rheology, mixing 
time and thermal behaviour is important. Although 
twin-screw extruders are being used in various indus- 
trial applications, this understanding needed for 
reactor modelling, is still underdeveloped. In this 
paper we will focus on the modelling and measuring 
of the mass flows using the residence-time distribution 
concept. 
Residence-time distributions (RTDs) during the 
processing of synthetic polymers or starches in twin 
screw extruders have been studied by numerous 
people. Altomare and Ghossi (1986), Jager et al. 
(1991), Ollet er ul. (1989), Rauwendaal (1990) and 
Todd and Irving (1969); reported the results of RTD 
measurements carried out in a self-wiping twin-screw 
extruder. Van Zuilichem et al. (1988) reported the 
results of RTD measurements carried out in a conical 
counter rotating twin screw extruder, Janssen et al. 
(1979). Rauwendaal (1990) and Todd (1975) reported 
measurements carried out in a parallel counter rotat- 
ing twin-screw extruder. All models, described in these 
articles. were based on Newtonian isoviscous fluids 
*Corresponding author. 
and do not take parameters like density changes into 
account. This last effect should have some influence 
on the RTD. For instance measurements done with 
PVC reveal that at temperatures and pressures com- 
monly found in extrusion processes, density chang- 
ings of 0.7-1.4 gem-” occur (Albers. 1976). 
Another interesting problem is the influence of a re- 
action during extrusion on the residence-time distri- 
bution. Parameters like viscosity. material density, 
temperature and conversions are related to each other 
and change rapidly during reaction (Ganzeveld and 
Janssen 1993), so some influence on the RTD could be 
expected. 
A way of bypassing the laborious amounts of 
measurements describing the viscosity as a function of 
conversion, temperature and pressure, is by measur- 
ing the RTD during the extrusion process. In 1988. 
Speur did this exercise by studying the RTD during 
the anionic polymerization of E-caprolactam to NY- 
Ion-6. From this study it was concluded that in his 
case there was no significant difference between the 
RTD behaviour of a twin-screw extruder with or 
without reaction. However, his model could not de- 
scribe all the measurements performed. 
In order to be able to predict all residence-time 
distributions for both reactive and non-reactive extru- 
sion processes, a new model was set-up and tested 
using gelatinised starch as a test system. In order to 
examine the effects of reactive extrusion on the resi- 
dence-time distribution a graft copolymerisation reac- 
tion of starch and styrene was performed. 
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THEORY 
Twin-screw extrusion 
Extruders are used in the polymer and food indus- 
try. Various types of extruders exist, all with their 
specific advantages and disadvantages. In twin-screw 
extruders and especially in the closely intermeshing 
types, the transport occurs by positive conveying. 
Because of the intermeshing of the screws the material 
cannot rotate with the screws, independent of the 
material properties. The throughput is, within wide 
limits, independent of back-pressure, viscosity and 
slip. This is especially important for reactive extrusion 
where components of largely different viscosities have 
to be mixed and where considerable viscosity changes 
may occur. 
The counter-rotating twin-screw extruder used in 
this study is closely intermeshing and therefore con- 
sists of series of C-shaped chambers (Figs 1 and 2) in 
which material is transported from the hopper to the 
. . I_ .,.-e\ _. 
die (Janssen, IY /I(). 1 nls type ofextruder has baSiCaiiy 
three zones; the solids transport zone where solid 
material is transported and the temperature is raised, 
the partly filled zone where the chambers are partially 
empty and starch starts gelatinising, the pump zone 
where the chambers are completely filled with mater- 
ial and pressure is build up. Between the partially 
filled zone and the fully filled zone a transfer zone 
exists. In this zone chambers are filled up. 
The theoretical throughput of the extruder equals 
the number of C-shaped chambers transported per 
unit time multiplied by the chamber volume: 
Q,,, = 2mNVC (1) 
where .M is ihe screw nneed 7 the nllmher of screws. -r---1 - __- _.._._ -- ----..-I 
m the number of thread starts per screw and V, the 
volume of a C-shaped chamber. 
Between the two screws and between the screws 
and the barrel surface, mechanical clearances exist. 
These clearances, where back leakage of material oc- 
curs, can be divided into four leakage gaps; the calen- 
dar gap, the tetrahedron gap, the side gap and the 
flight gap. In the fully filled zone the throughput 
is connected to the leakages through these gaps 
(Janssen, 1978): 
Qrea~ = Qth - Q~eak (4 
where Qleak is the sum of all leakage flows over 
a cross-section of the extruder. 
The leakage flows are driven by inter-chamber 





Q, = A,N + B, $, Qc = A,N + B,3 
‘1 
here the subscriptf; t, s, c stand for tetrahedron, flight, 
calendar and side gap or, by summation: 
Q ,eak = AN + B*. 
Vi 
A and B are constants, dependent only on screw and 
barrel geometry, N is the screw speed, Api is the 
pressure difference between two consecutive chambers 
and r?i is the viscosity of the mixture at that position. 
With this equation, each separate leakage flow can be 
calculated. The total leakage flow can be described by 
Q leak = Q, + ~QJ + 2m(Qc + QJ (4) 
Modelling the residence-time distribution 
The residence time in an extruder is equal to the 
filled volume divided by the volumetric throughput. 
Because the filling degree of the chambers in the 
partially filled zone can be approximated as CI = Qreal/ 
Q,,,, the average residence time in an extruder with 
constant chamber volume can be expressed in its most 
simple form as: 
Fig. 1. C-shaped chamber 
V 
Z=Qrerl= 
((v, - vA(Qreal/2mNVJ + vf) V, + V, 
Q real 
(5) 
Fig. 2. Series of C-shaped chambers 
where vr is the amount of filled chambers, v1 is the 
total amount of chambers, V, is the chamber volume 
and V, the die volume (Pieters, 1993). 
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Fig. 3. Extruder zones 
This general equation does not deal with the differ- 
ent leakage flows in an extruder, it only describes the II’1 171 15 171 1 
residence time and not the residence-time distribu- 
_-_y-, 
u nmm t=$At 
tion. A more sophisticated model should be de- f 
veloped. As has been explained before, an extruder 
\ I 
can be divided into several zones (Fig. 3). In order to t=At 
w l5 tzl i’h lLTmr 
nlTlk5l~ DlLilra;,q 
t=iAt 
come as close as possible to reality for every zone 
a different mathematical description is used. 
--In the hopper zone, directly below the hopper, 
where the material is fed to the extruder, the 
chambers are not yet closed and a considerable 
back mixing over the flights occurs. This zone 
can be modelled as one continuously stirred 
tank. 
-1n the partially filled zone the chambers are not 
completely filled with material. Moreover, no 
pressure gradient is present in this zone and, as 
a result, the leakages only consist of drag flow. 
- In the transition zone the amount of in- and 
out-flowing material through the leakage gaps is 
different; resulting in a change in hold-up in the 
chambers. As has been verified by opening the 
extruder and visual observation, the amount of 
chambers in this zones equals 2 times the num- 
ber of thread starts per screw. 
- In the fully filled zone, pressure is build up. If the 
chamber volume in this zone is constant and the 
density does not change the total amount of 
leakage is constant throughout this zone. 
-At the end of the screws the material is dis- 
charged into the die. In order to account for the 
effect. that physically no back leakage from the 
die into the last chambers occurs, a buffer zone is 
introduced in the model. The concentration of 
tracer in this zone equals the average concentra- 
tion in the last four chambers and from this zone 
a virtual leakage of material into these last four 
chambers occurs. Especially for small die vol- 
umes the influence of the die on the distribution 
of residence times can be neglected, therefore 
plug-flow behaviour is assumed in the die. 
From these arguments the following assumptions 
were derived: 
Fig. 4. Mowng of C-shaped chambers 
-After one revolution, the content of each cham- 
ber is transferred to the next appropriate cham- 
ber on the same screw (Fig. 4). 
-In the partially filled zone no pressure flow exists 
in the leakage gaps. 
-Plug flow occurs in the die. 
-The hopper zone behaves as one CST. 
-The density in the partially filled zone is constant 
but may differ from the constant density in the 
fully filled zone. 
-All density changes occur in the transition zone. 
The hopper zone 
As stated above, the zone located directly below the 
hopper is well mixed and modelled as one continuous 
stirred tank: 
in which V,, is the volume of the hopper zone, co and 
ch are the input and exit concentrations of the hopper 
zone. Because the density is constant in this zone both 
inflow and outflow equal the actual (volumetric) 
throughput of the extruder: Qin = QO., = Q and 
At r l/N. This can be rewritten in a finite difference 
form 
(7) 
here n = 0, 1,2, 3. etc. The concentrations in the 
hopper zone are calculated at the time steps: to = 0 s, 
t, =N-l~,t,+~ =(n+ l)N-‘s-‘.Att=O,apulseis 
added to the hopper zone so at t > 0: 
Every C-shaped chamber is assumed to behave 
as a CST (continously stirred tank). 







Fig. 5. Mass-flows in a extruder with double thread start 
screws. 
The partially jilled zone 
From the hopper zone the material is transferred to 
the partially filled zone. In this zone no pressure 
gradient is present and therefore the leakage flows 
only consist of drag components. 
For screws with m flights each, the following differ- 




- = Qpfc( j + 2, t) + (Qpr + Q&( j + 2~ t) 
- (Q'pc + Qbs + Q;J)c( j> t). (8) 
In which c( j + 2, t) is the concentration of the mater- 
ial coming through the flight gap, Q is the amount of 
outgoing material and Q’ is the amount of incoming 
material through the leakage gaps. This material ori- 
ginally comes from the chamber situated behind 
chamberj (Fig. 5). In this figure also the convention 
for the numbering of the different chambers can be 
found. The concentration named c(j + 2m, t) is ma- 
terial coming through the calander-and the side gap. 
The difference equation now becomes 
C(j,ti+l)=l/ QafAt c( j + 2 t.) ) I 
Pf 
+ (Q*c + Q*s)*tc( j + 2m t.1 
v ” Pf 
+ 1 _ (Qbc + Qbs + QbA*t 
i V 
ctj t,j t9j 
7 I. 
PJ 
One screw rotation is divided into p steps to increase 
the stability and the precision of the model. One time 
interval equals: At = (l/N)/p = l/(Np). After one ro- 
tation t, = ti=p, so the time coordinate can be written 
as: t = n + (i/p)/N. 
For chambers which are in contact with the hopper 
zone no back leakage occurs. These chambers are 
filled during one rotation of a screw by material from 
the hopper zone and material leaking back from the 
rest of the partially filled zone. The last term in 
eq. 9 must be set equal to zero for these particular 
chambers. 
The leakage flows in the rest of the zone are con- 
stant because of the constant density (no compress- 
ibility effects). As a result, there will be no volume 
change in the partially filled zone. Because the cham- 
bers in the partially filled zone have a larger volume 
than needed to transport the material, a degree of fill 
a has to be defined. 
Q,h.*/. = 2EmNVc 
Q leak.pJ = Qt + ~QJ + 2dQc + QJ 
= 2aN(AJ + mA, + mA,) 
and 
a = 2N( V,m - A, - mA, - mA,)’ 
Qin.pf = Qth.pf - Qlealt.pJ A Qin.pf = Qin 3 
Qin = 2rN(ml/, - A, - mA, - mA,) 3 (10) 
Qi" 
so 
VP, = XV,. (11) 
Between the partially filled zone and the fully filled 
zone a transfer zone of 2m chambers exists. Due to the 
pressure acting in the filled zone, material is leaking 
back into these chambers. As a result these chambers 
are completely filled after one rotation. 
Thefully$lled zone 
In this zone the leakage flows are not only control- 
led by the screw rotations but also by the pressure 
gradient. The following differential balance can be set 
up for a chamber in this zone: 
v Wj,t) 
cdt = Qsc( j + 2, t) + Q,c( j + 1, t) 
+ (Q, + Q&( j + 2m, t) 
- (Q: + Q; + Q'., + QiM j, 6. (12) 
The difference balance for chambers in this zone 
equals: 
C(j,ti+l) = 
Qr*t vC( ,] + 2, ti) + y C( j + 1, ti) 
c c 
+‘Qc+ Q”*tc(j + 2m 
VC 
t.) > L 
+ 1 _ (Q: + Q: + Q> + Q;) 
V, 
c(j t,lAt , L 
(13) 
In reality, the volume of the effective chambers 
decreases when the material is discharged at the end 
of the screws. For modelling purposes the volume of 
these chambers is kept constant and in order to pre- 
vent an unrealistic back leakage from the die into the 
last chambers, a buffer zone is introduced. Such a phe- 
nomenon can be imagined as if material, Qleakr is 
leaking from an infinite thin barrier layer, situated 
between the die and the screw, back into the last four 
chambers of the screw. During this leaking no mater- 
ial is transported from the chambers into the die. 
Because the mass balance has to be consistent, mater- 
ial is flowing after one rotation from the last 2m 
chambers into the die. 
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so cbl(tn+ 1) = c&t,,+ L). Material that has passed the 
barrier layer cannot be transported back onto the 
screws. In this case we assumed that axial mixing can 
be neglected, compared to the mixing which occurs on 
the screws. The time necessary for the material to flow 
through the die is 
Barrier Layer 
Fig. 6. The (fictive) barrier layer 
The die 
As already mentioned above, the die and the screws 
are separated by a fictive barrier layer (Fig. 6). The 




- = !&Cr(t) - (Qw + Qo,t)cb~(t) (14) 
dt 
where c, is the average concentration of the last four 
chambers. Material from these chambers is trans- 
ported through the barrier layer into the die. 
Because the change in concentration of the barrier 
layer is related to the concentration of material enter- 
ing and leaving the chamber, we used a backwards 
Euler-method to change the differential equation into 
the difference equation below: 
Vbl 
(‘!drn+ 1) - dtn) 
IiN 
= 2m V,Nc,(t,+ 1) 
(Qleat + Qin)Cbl(tn+ 110 
(15) 
Cbl(tn+ 1) = 
2mVc 
V,, + 2mV, 
Cs(L+ 1) + 
Vbl +v;mv*, Cbl(tn) 
where Vbl is the volume of the barrier layer, cbl is the 
concentration in the barrier layer, ~(t.+~) - c(t,) is 
the change of concentration in the barrier layer during 
one-screw rotation. The index n keeps track of the 
number of screw rotations. Because the barrier layer is 
a hypothetical layer with a zero thickness, it also has 
a zero volume: 
lim c’hl( t,+ ,) = lim 
2mV, 
G(4i+d 
l’hi + 0 v~, + 0 Vbl + 2mV, 
+ 
Vbl 
Vhl + 2mV, 
chl ( tn) 1 
Cs(L+ 1) + 
0 
___ cbl t&t) 
0+2mVc 1 
=C,(L+d. (16) 
The concentration in the layer equals the average 
concentration in the last four chambers of the screw, 
where Vdiu is the die volume. 
The model 
The difference equations describing the concentra- 
tions on the screws are all of the following structure: 
C( .j. t,-1) =./‘(C(,j. ri).C( j + 1, til c( j + 2. I,). 
118) 
This system of equations can be transformed into 
a matrix (M) equal to 
\,.,,,‘ti 
(19) 
This set of equations can be solved simultaneously 
during a time step. To obtain a stable mathematical 
solution, the time necessary for one revolution is 
divided into p time steps (At) and the concentration 
distribution after one revolution is: 
c(t,=,,) = (M’)C(f,,,J. c 70) 
M is the matrix containing all the leakage flow para- 
meters. Both concentrations are in vector notation. 
After one revolution of the screw all chambers are 
renumbered. The content of chamber ,j moves to 
chamberi + 2m when one rotation has passed. In the 
time domain this means that t,+, = ti=,, (the label 
y1 + 1 is keeping track of the amount of screw rota- 
tions, i = p is the label that keeps track of the amount 
of steps during one screw rotation). The matrix 
Mu should approach an asymptotic matrix .4 in 
which the matrix A equals: lim,,, , M” = 4 with 
ji = l/(NAt). 
If this is not the case, the time step should be 
decreased. After one rotation the chambers situated in 
the hopper zone are becoming chambers in the par- 
tially filled zone. Because the volume of a chamber in 
the hopper zone may differ from the volume in the 
partially filled zone, the next equation can be set up to 
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= &c( j,ti=,). (21) 
c 
The transfer chambers are pushed into the fully filled 
zone during one revolution. This means that their 
volume changes from partially to fully filled. For these 
chambers, in which chamber j + 2m is a chamber in 
the fully filled zone and chamber j is the transfer 
chamber, the following equation can be set up to 
correct the volume: 
~(,j+2m,t.+,)=~C(j,ii=.)=~C(j,tj=,,) 
‘ c 
= s(c( j, flZp). (22) 
For the transfer of material coming from the last 
chambers in the fully filled zone to the boundary layer 




here c(,_~,,,~ are the concentrations in the last cham- 
bers on the screws. All these equations are of the same 
form [eq. (24)] and can be transferred into a matrix 
‘% (25): 
c(j,t,+l) =.f{c(j,,ti=,,),~(j,,ti=p),(.(j3,ti=p), . . . 1 
(24) 
___ ~ 
c(t,+ I) = %c(tj=p). (25) 
Finally, the matrices % and M can be put together: 
~ ~ 
c(ti=,) = (M”)c(t,) and C(t,+l) = YRc(ti=p) 
resulting for one revolution in: 
c(t,+ 1) = (93’ M”)“c(t,). (26) 
The concentration in the flow leaving the die is: 
c(t,, + 7,J = I(‘%~ M”y c(to) with I = (0 0 . 0 1) 
(27) 
in which I is a unit vector, c(to) is the tracer content at 
t = 0, 7die is the time the material remains in the die, 
% and A4 are matrices which describe the leakage 
flows, the index p is the number of time steps in 
one-screw rotation, the index n accounts for the 
amount of screw revolutions and c(tn + zdie) is the 
concentration at the outlet of the extruder after a cer- 
tain time. 
VALIDATION OF THE MODEL 
RTD measurements during the gelatinisation of starch 
In order to check the model, residence-time experi- 
ments were performed using starch in a counter rotat- 
Fig. 7. a-o-glucopyranose. 
ing twin screw extruder. Native starch consists of 
granules, containing two different polymers; amylose 
and amylopectine. Both polymers consist of U-D- 
glucopyranose elements (AGU = anhydroglucose- 
units) (Fig. 7). The difference between both polymers 
is that amylose is a nearly linear chain of about 2000 
AGU and amylopectine is a branched chain of about 
1 million AGU. Both molecules are ordered in such 
a way that crystallinity exists in the starch granule 
(Jenkings et al., 1994). As the starch granules pass 
through the extruder, they will be disrupted due to 
several effects. Water will diffuse into a starch granule. 
The hydrogen bonds between the hydroxyl groups of 
an AGU and the residual water molecules in the 
starch will now be disrupted due to an increase in 
temperature. Successively amylose will diffuse out of 
the granule, due to the heat load and the shear in an 
extruder. Further shear and heat treatment will event- 
ually disrupt the amylopectine entanglements and 
a complete starch gel is formed. 
Experiments 
During the experiments a counter-rotating closely 
intermeshing twin-screw extruder was used. This Pas- 
quetti extruder had an L/D of 10 and a length of 
40cm. The potato-starch was delivered by AVEBE 
(Holland, Food grade, production year 1991). 
The RTD was measured by a tracer technique. This 
technique is based on measuring atomic absorption 
spectrographs of the amount of Li in samples taken 
from the extrudate. A pulse of 0.4 g LiCl was added to 
the solid conveying zone of the extruder by using an 
injection system. Samples were taken at the die at 
regular time intervals. The samples were dried in 
a microwave oven and destructed by the use of nitric 
acid (p.a.) and sulphuric acid (p.a.) at a temperature 
increasing from 120 to 230°C. A clear solution was 
obtained after 3 h. Finally the amount of Li+ ions in 
this solution were measured by Atomic Absorption 
Spectrometry (AAS type: Perkin-Elmer 1100 B). By 
using a reference line the AAS value can be correlated 
to the real Li+ concentration. The error in this analy- 
sis is < 1%. In Table 1 the extruder parameters used 
can be found. The fully filled length was measured 
using pressure transducers. The fully filled length ex- 





















Residence-time distribution during reactive extrusion 
Table 1. Extruder settings during the experiments 
Pressure Input Input Input Screw 
PI starch water styrene rotations 
(bar) (gmin-‘) (gmin-‘) (gmin ‘) (RPM) 
1 30 6.4 15 
1 30 6.4 30 
I 25.9 5.5 3 15 
1 26.1 5 4 15 
I 20 3 2.8 15 
I 26.7 5 4 20 
1 26.7 5 4 25 















Fig. 8. Influence of the screw speed on the measured 
and modelled RTD curve during the gelatinization of starch: 
(- ~~ ~~) model (N = 15 RPM, I? = 6), (0) measurements; 




where Pdi, is the die pressure and AP is the pressure 
drop between two consecutive chambers as calculated 
from the leakage flow equations. To check whether 
the data obtained by this method were correct, the 
extruder was stopped and the barrel removed. It ap- 
peared that the amount of fully filled chambers 
counted in this way, agreed in all cases with the 
amount of fully filled chambers as obtained by using 
equation 21. 
Results und discussion 
In Fig. 8 measured residence-time curves of the 
gelatinisation of starch in a twin screw extruder are 
compared with the curves as predicted by the model. 
The model needs as input parameters the screw speed, 
the throughput and the fully filled length only. In 
Fig. 9 the internal age function, F(t), is set out for the 
modelled as well as for the measured data. 
W3 
0 5 10 15 20 
t [mm] 
Fig 9. Internal age distribution of experiment 1: (m) 
measurements; (---) model. 
By making use of the first three moments of both 
curves the experimental data were correlated to the 
modelled curves. In Table 2 the three moments (the 
residence time, the variance and the skewness) of both 
these curves, as given by the model and as calculated 
from the measurements, are given. Although the mo- 
ments, as calculated by the model, have a tendency to 
be somewhat lower than those as obtained from the 
measurments, the agreement is generally good, con- 
sidering the fact that the model uses no adjustable 
parameters. Parameters calculated by the model, like 
the amount of leakage flows and the density in the 
different zones, are given in Table 3. 
Trends as predicted by the model were calculated 
and plotted in the Figs lGl2. Only one parameter 
was varied at the time. In Fig. 10 an increase of the 
screw speed results in a diminishing decrease of the 
residence time. The variance and the skewness of 
the curve increase slightly due to the screw speed 
dependency of the leakage flow. This effect seems 
logical because [eq. (4)] at an increase of the screw 
speed the leakage flows increase, resulting in a larger 
distribution in residence time, while the breakthrough 
4352 R. A. de Graaf et al. 
Table 2. Moments measured and calculated for the different experiments performed 
Measurements Model 
Experimental 
number i (min) o(min) x(min) i (min) u(min) x(min) 
5.1 2.4 2.9 
4.4 2.3 3.1 
5.9 2.2 2.9 
6.4 2.8 3.4 
7.9 2.5 2.1 
5.4 2.0 2.6 
4.9 2.1 2.1 
6.1 3.0 3.5 
4.98 2.04 2.50 
(97%) (86%) (86%) 
4.18 1.63 1.98 
(94%) (71%) (64%) 
6.20 2.45 2.93 
(95%) (9 1% ) (97%) 
6.16 2.35 2.83 
(96%) (84%) (82%) 
7.96 3.03 3.35 
(100%) (84%) (79%) 
5.41 1.99 2.31 
(99%) (99%) (88%) 
4.91 1.79 1.98 
(99%) (85%) (74%) 
6.22 2.82 2.98 
(98%) (94%) (86%) 
Table 3. Different parameters as calculated by the model 
Experimental number 1 2 3 4 5 6 I 8 
Fully filled chambers 6 4 4 5 6 5 5 IO 
&I (s) 150 132 197 168 252 180 160 160 
r&e (s) 118 108 165 168 220 156 141 141 
Q leak,pff (cm3 s- ‘1 0.56 0.56 0.54 0.56 0.40 0.56 0.56 0.56 
QM.~~ (cm3 se’) 5.5 7.5 5.7 5.6 5.7 7.6 9.6 9.6 
Qth (cm3 se’) 6.0 8.0 6.0 6.0 6.0 8.0 10.0 10.0 
Qi. (cm3 s-‘) 0.47 0.47 0.45 0.47 0.34 0.47 0.47 0.47 
Qout (cm3 sm '1 0.48 0.52 0.34 0.38 0.29 0.41 0.45 0.39 
pa (lo3 kgm-3) 1.29 1.29 1.26 1.26 1.28 1.26 1.26 1.26 
perart (10’ kg m ~3) 1.3 1.2 1.7 1.6 1.5 1.5 1.3 1.5 
AP/V 6 ‘1 194.2 268.7 205.8 202.5 210.2 278.3 352.8 358.4 
degree of fill ( - ) 0.078 0.059 0.075 0.078 0.056 0.059 0.047 0.047 
a( - 1 0.171 0.128 0.165 0.171 0.122 0.128 0.102 0.102 
(-) 
0' 
10 20 30 40 50 60 70 
N W’W 
o 5 10 15 20 25 
"f i-1 
Fig. 11. Calculated moments vs the amount of filled cham- 
Fig. 10. Calculated moments vs the screw speed (constant bers (all other parameters remained constant). (-- ) 
throughput); (-- ) skewness (minj); (- -) variance Skewness (min’); (- -) variance (min’); (----) residence 
(min’); (----) residence time (min). time (min). 
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Fig. I?. Calculated moments vs the throughput (all other 
parameters remained constant). (-- --) Skewness (min3); 
( ) variance (min’): I- -) residence time (min). 
time of material decreases. Increasing the amount of 
fully tilled chambers (Fig. 11) results in a linear in- 
crease of the residence time. The second and the third 
moment also increase due to the increase of the leak- 
age flows. Increasing the throughput (Fig. 12) results 
in decreasing values for the three moments, which is 
logical when eq. (5) is examined. 
R TD measurements during reactive extrusion 
Beside RTD measurements performed during the 
gelatinisation of starch also RTD measurements were 
performed during the reaction of styrene with starch 
forming polystyrene-grafted-starch. 
The polymerisation of styrene is a free radical addi- 
tion polymerisation (Fanta et al., 1987). This implies 
that the polymer chains are formed in a very short 
time, after which they are excluded from further reac- 
tion. Every single polymer chain is initiated and ter- 
minated at different points in time. The reaction rate 
constants show an Arrhenius dependence of the fol- 
lowing form (Brandrup, et al., 1989, Rasmussen et al., 
1983. Bartlett and Nozaki, 1948, Yamada, et u/., 1991): 
kj = ki, ~ e’ t,~ I RT’, (28) 
The activation energy E,,j = 140.2 kJmol_ ’ and the 
frequency factor k, , = 2.7 x lO”j s-l (Henrici-Oliv& 
1969). The copolymerisation and grafting was in- 
itiated using the thermal initiator K2SZ08. Figure 13 
gives the half-time decay of the initiator at different 
temperatures used. 
Assuming that both the stationary-state hypothesis 
and the long chain hypothesis are valid the following 
final reaction rate equation can be written: 
(29) 
A radical starting a polymer chain can be formed due 
to the reaction of S20im with the styrene monomer 
but also by radical formation on a starch chain. Due 
0 200 400 600 
t [sl 
Fig. 13. Decay of KZS20x at several reaction temperatures. 
(---_) T=383K: (m-m) T=403K: ( -1 
T = 4’3 K. 
to the very low solubility of styrene (Hefter, 1989) in 
a highly viscous starch gel it is assumed that graft 
copolymerisation only takes place if a radical formed 
on the starch is situated on the boundary layer be- 
tween the starch gel and the styrene phase. 
For homopolymerisation of styrene, k, and k, are 
given by Brandrup er al. (1989) and Yamada ef ul. 
(1991). These values are the results of several studies. 
Theoretically, eq. (29) gives the polymerization rate at 
every stage in the reaction. However, in practice devi- 
ations from this equation can occur in a concentrated 
system, better known as the Trommsdorff effect or gel 
effect. The gel effect results in both higher molecular 
weights and higher conversions than would be ex- 
pected from conventional kinetics. It should be noted 
that already at 30% conversion the gel effects become 
measurable (Yamada er ul., 1991). As can be seen from 
the reaction scheme (Fig. 14. Jarowenko. 1969). three 
products occur: homopolymer polystyrene, grafted 
starch and virgin starch. 
Reactive esrrusion e\-periments 
The styrene and the initiator were delivered by 
Merck. The extruder was fed with a composition of 
73 wt% native starch, 0.5 wt% initiator, 18 wt% water 
and 8.5 wt% styrene. The native starch contained 
already 15 wt”?, water. Table 1 presents the extruder 
parameters tested. 
Results und discussion 
In Fig. 15 the model is compared with the measure- 
ments of the gelatinised starch with and without reac- 
tion. In both cases the total throughput, the screw 
speed and the temperature profile were equal. It can 
clearly be seen that the breakthrough time of the 
starch/styrene mixture has increased. This effect can 
not solely be declared by the decrease of filled volume. 
By re-examining the model and taking the density of 
the processed material into account the breakthrough 
time of the measured curve could be predicted again. 
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Reactions in the styrene - starch phase : 
1?2R’(aq) 
R’+SvS’ 
S’ + M(aq) kLa_Th ,S - M’ 
S - M: + Styrene(aq) k, “~nrh ,S - M:+, 
S-M; +S-Mm k, lhRh C3 - M, + S - M, (by disproportionation) 
S-M; +S-M:, k , Utah ,S - M, - M, - S (by combination) 
Reactions in the styrene phase : 
R’(styrene)+ M L,, _ FM’ rr 
M:+M k P. IfFnr PM:+, 
M: +ML k,, rr”~ FM, + M, (by disproportionation) 
M’,+M:, L ,.*h- ‘M,,, (by combination) 
Fig. 14. Graft copolymerisation scheme of styrene to starch (I = initiator, R = initiator radical, 
M = styrene monomer, S = starch backbone). 
0 5 10 15 20 
t [min] 
Fig. 15. Influence on the RTD of the grafting reaction of 
styrene on starch: ( -) model, (0) measurements (reac- 
tion); (----) model, (A) measurements (no reaction). 
These calculated results were compared with the den- 
sity measurements of the grafted material and gela- 
tinised starch. At 25°C and atmospheric pressure the 
density appeared to be 1.5 x lo3 kg/m3. This value is 
high compared to that of normal gelatinised starch, 
which has a density of 1.3 x lo3 kg/m3. The reason 
that the model could predict such a distribution 
Table 4. Initial extruder settings 
Screw speed 







change is because it calculates the density related 
parameter Ap/q from the following formula: 
AP Q,eaw - AN 4N1/, - QO,, - AN -= = 
B B (30) ? 
By taking this parameter, the breakthrough time and 
the amount of fully filled chambers into account the 
density in the fully filled zone and the die can be 
calculated. By comparing the curves in Fig. 16 it can 
be seen that an increase of the screw speed, at constant 
throughput, results in a decrease of the residence time. 
Increase of the amount of fully filled chambers 
(Fig. 17) results in the expected increase of the first 
three moments. Also the decrease of the throughput 
(Fig. 18) results in an increase of the first three mo- 
ments as expected. 
CONCLUSIONS 
Starch extrusion with and without reaction is 
a complex operation. Beside extruder parameters like 
screw rotation, filled length and throughput also ma- 
terial properties like the viscosity and density are very 
Residence-time distribution during reactive extrusion 
Fig. 16. Influence of the screw speed on the measured and Fig. 18. Influence of the throughput on the measured and 
modelled RTD curve during reaction (constant throughput): modelled RTD curve during reaction: I ) model 
(- ----~-) model (N = 25 RPM), (0) measurements; (----) (QV = 25.8 gmin ‘), (A) measurements. ( I model 
model (N = 20 RPM), (A) measurements; (- -) model IQ,. = 35.7 g mini ‘). (0) measurement\. 





0 5 10 15 20 
t [min] 
Fig. 17. Influence of the amount of filled chambers on the 
measured and modelled RTD during reaction: (----I 
model (17 = 5), (0) measurements; ( -) model (v! = IO). 
(A) measurements. 
important in the whole process. By performing RTD 
measurements and using the model as described in 
this paper, direct conclusions about important para- 
meters like the filled length, the hold-up and whether 
the reactive extrusion process is sensitive to density 
changes can be obtained. In this way no viscosity or 
density measurements have to be done and the ex- 
truder needs not to be opened to determine the filled 
length. 
Beside these results also the following conclusions 
can be drawn: 
It is possible to set-up a RTD model of the form: let thickness boundary layer, m 
Coo,(t) = (‘% M@)” Ci,(t). Here ‘% and M are ma- 6, activation energy. J molt ’ 
trices describing the influence of the extruder E(r) exit age distribution, dimensionless 
parameters (like screw rotation, screw geometry F(f) internal age distribution, dimensionless 









~ Without any adjustable parameters this model is 
able to describe the RTD curve of starch being 
processed in an extruder with good results. 
-When during reactive extrusion a material prop- 
erty like the density changes rapidly. the model 
needs an extra parameter (the breakthrough 
time) to take this effect into account. 
~--An increase of the rotation rate causes a decrease 
of the residence time while the variance and the 
skewness stay more the less the same. 
~ Increasing the fully filled length causes an in- 
crease of the residence time, the variance and the 
skewness. 
~ Decreasing the throughput causes an increase of 
the residence time but a decrease of the variance 
and the skewness. 
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NOTATION 
geometric constants, m3 
geometric constants, m3 
input concentration. kg m ~’ 
concentration in the screw chambers. 
kgm-” 
concentration in the boundary layer, kg m ’ 
concentration in the die zone. kg me3 
concentration in the hopper zone, kg m ’ 
average concentration in the last four screw 
chamber, kg mm3 
R. A. de Graaf et al. 
amount of screws, dimensionless Fanta, F. and Doane, W. M. (1987) Modijed Starches: 
moments of the nonnormalised curve Properties and Uses, pp. 1%172. CRC Press, Boca 
transfer matrix Raton. 
time index, indicating the amount of steps Fukuda, T., Kubo, K. and Ma, Y. D., Inagaki, H. 
taken in one screw revolution, dimensionless (1987) Free radical copolymerisation V. Prog. Poly- 
screw rotations, s-i mer. Sci. 19, 523. 
pressure difference between two consecutive, 
Ganzeveld, K. J. and L. P. B. M. Janssen (1993) Twin 
Pa chambers in fully filled zone 
screw extruders as polymerization reactors for one 
leakage flow through calendar gap, m3 s-i 
component reactions. Can. J. Chem. Engng 71,411. 
leakage flow through flight gap, m3 s-i 
Hefter, G. T., 1979, Solubility Data Series, Vol. 32. 
International union of pure and applied chemistry. 
input flow in a zone, m3 s-i Henrici-Olive, G. and Olive, S. (1969) Polymerisation, 
output flow in a zone, m3 s-l Vol. 2, pp. 120-121. Verlag Chemie GmbH, Wein- 
leakage flow in a zone, m3 s-i heim. 
leakage flow through side gap, m3 s- ’ Jager, T., van Zuillichem, D. J., de Swart, J. G. and 
real throughput, m3 s-l van? Riet, K. (1991) Residence time distribution in 
leakage how through tetrahedron gap, extrusion cooking. Part 7-Modelling of a corotat- 
m3 s-l 
ing, twin-screw extruder fed with maize grits. J. 
theoretical flow in a zone, m3 s-l 
Food Engng 14, 203-239. 
output Row in a zone, m3 s-l 
Janssen, L. P. B. M. (1978) Twin Screw Extrusion. 
Elsevier Scientific Publications, Amsterdam. 
throughput extruder, m3 s-l 
transfer matrix 
residence time in the die, s 
volume C-shaped chamber m3 
volume barrier layer, m3 
volume input chambers, m3 
volume hopper zone, m3 
volume partially filled chambers, m3 
volume die, m3 
time steps with index n, s 
time steps with index i, s 
Janssen, L. P. B. M., Hollander, R. W., Spoor, M. W. 
and Smith, J. M. (1979) Residence-time distribution 
in a plasticating twin screw extruder. A.1.Ch.E. J. 
25, 345353. 
Jarowenko, W. (1969) Encyclopedia of Polymer 
Science and Technology, Vol. 3 I. Cellulose, Graft 
copolymers, pp. 242-252. 
Jenkings, P. J., Cameron, R. E., Donald, A. M., Bras, 
W., Derbyshire, G. E., Mant, G. R. and Ryan, A. J. 
(1994) In situ simultaneous small and wide angle 
X-ray scattering, a new technique to study starch 
gelatinization. J. Polym. Sci. Part B 32, 1579. 
Ollet, A. L., Parker, R. and Smith, A. C. (1989) A com- 
Greek letters 
c( degree of fill in not fully filled zone, dimen- 
sionless 
Y viscosity in a chamber, Pas 
p interval dimensionless 
p amount of steps in a revolution, dimension- 
less 
1’ amount of chambers on the screw, dimen- 
sionless 
PO density input flow, kgmm3 
P graft density graft copolymer, kg mm3 
7die mean residence time die, s 
x skewness, min3 
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